Abstract. Cachexia is a wasting syndrome that afflicts end-stage cancer patients. Whereas a consensus statement for a definition of cachexia recently has been accomplished, a useful measurement for this condition at present is lacking.
Introduction
Cachexia is a highly debilitating condition associated with poor physical function and quality of life (1) (2) (3) . This wasting syndrome occurs in several life-threatening diseases such as cancer, congestive heart failure, rheumatoid arthritis, cystic fibrosis and Crohn's disease and in severe infectious diseases including AIDS and tuberculosis. In all these cases cachexia is a marker of poor prognosis and hence of end-stage disease. Conversely, the wasting syndrome observed in elderly people in the absence of obvious pathology is a somewhat separate noxious state most properly referred to as sarcopenia (4) .
Cancer cachexia is characterized by pronounced weight loss and skeletal muscle atrophy. In fact cancer cachexia has recently been defined as 'a multifactorial syndrome characterized by an ongoing loss of skeletal muscle mass, with or without loss of fat mass, that cannot be fully reversed by conventional nutritional support and leads to progressive functional impairment̓ (5) . The agreed diagnostic criterion for cachexia is unintentional weight loss >5% (5) , but the relevant physiological changes may be present long before this cutoff point is reached.
Many additional changes in normal heath state and physiology may be observed in cancer cachexia but not unfailingly; an incomplete list is anorexia, extreme fatigue, anemia, insulin resistance, edema and hypogonadism. In addition, the inflammatory response is widely regarded as the main driving force behind the metabolic alterations leading to cachexia (3, 6) . However, cachexia can be present in the absence of overt systemic inflammation (5) .
More than half of cancer patients suffer from cachexia and a substantial proportion of cancer patients die with symptoms of advanced cachexia. In fact, >20% of cancer-related mortalities are thought to derive from cachexia, rather than
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from tumor burden and metastasis spreading. Even so, whether this wasting state is the ultimate cause of mortality in some patients is still unclear. In support of a direct cause of demise, cachexia may produce loss of respiratory muscle function leading to death from hypostatic pneumonia (7) or may cause myocardium atrophy leading to heart failure (8) .
The greatest incidence of weight loss is observed among patients with some solid tumors, prominently gastric, pancreatic, lung, colorectal, as well as head and neck cancers. On the contrary, patients with breast cancer, sarcomas and hematological malignancies display the lowest frequency of weight loss combined with cachexia (1, 2) .
Importantly weight loss in cancer patients is due to depletion of both adipose tissue and skeletal muscle mass, thus distinguishing cachexia from simple starvation. Moreover, weight loss in cancer patients is not merely the outcome of reduced calorie intake (1, 2) .
Actually the metabolic changes found in cachexia resemble those of severe infection or injury rather than starvation and are multifactorial and complex. In particular, a frequent, relevant correlate of cachexia is a higher resting energy expenditure REE than in healthy controls; in addition, the protein catabolism leading to net body nitrogen loss concerns the muscle tissues, while visceral protein content is usually conserved and may even increase. This is the case in liver that in some cancer enlarges (1, 2) .
The relationship between cancer therapy and cachexia is complex. Whereas the debulking of tumor mass by surgery or pharmacological treatment often leads to improvement in the cachectic state, chemotherapy and radiotherapy may induce anorexia and further weight loss. Actually the mechanism by which this worsening of health conditions occurs is believed to be different from that found in cancer cachexia (1) , but this view is somewhat challenged by a direct wasting effect of cisplatin on skeletal muscle (9, 10) .
Finally, not only cachexia predicts the overall survival rate, but it also indicates a trend towards lower chemotherapy response rates (11) .
Mechanisms of cancer cachexia, a brief overview
As a preliminary remark, in the following discussion the term 'tumor̓ indicates the whole neoplastic tissue, including cancer cells and the mesenchymal stroma, such as the tumor microenvironment. Moreover, the rest of the host organism, the periphery, comprises bystander body compartments, variously involved in the neoplastic process and lastly, the target tissues of the wasting process (Fig. 1) .
As a matter of fact cancer cachexia involves multiple tissues and pathways, producing a broad array of pathologic sequels. In hope of developing novel therapeutics to counteract this wasting state, current research is aimed at identifying the elusive mediators that cause i) loss of muscle tissue, ii) loss of adipose tissue, iii) high REE, iv) insulin resistance and metabolic imbalance, v) liver enlargement and acute phase response, vi) anorexia, vii) edema and finally, viii) hypogonadism.
In general, the mediators of cancer cachexia are thought to derive from i) the tumor, cancer cells or the inflammatory stroma, ii) bystander tissues/organs and iii) the targeted mesenchymal tissues undergoing wasting. Actually, a classification based on the cell/tissue of origin may be misleading, since most cachectic factors can be produced by tumor as well as host tissues.
Many cachectic factors are broadly related to inflammation. Even though it is not included in the current clinical definition of cancer cachexia (5), systemic, smoldering inflammation is widely regarded as the underlying driver of the cancer-induced wasting process (3, 6) . This chronic inflammatory state is triggered by the tumor itself, but is further sustained and amplified by bystander tissues/organs such as hypothalamus, adrenal gland or liver (Fig. 1 ).
An incomplete list of bona-fide cachectic factors encompasses the classical triad of inflammatory cytokines -TNFα, IL1β, IL6 and further includes the TH1 cytokine IFNγ (1) (2) (3) 12) . In particular TNFα, formerly named cachectin, facilitates skeletal muscle catabolism and contributes to insulin resistance, in part by impinging on the insulin signaling pathway (13) . Moreover, IL6 is a major inducer of liver acute phase response (14) .
Another putative cachectic factor connected with the resolution phase of the inflammatory process, but more broadly a key component of chronic stress response, is cortisol (15) . Advanced cancer is associated with an array of symptoms, including pain, which can lead to activation of the neuroendocrine stress response. At large doses glucocorticoids facilitate myopathy in cancer cachexia and other wasting processes whereas at low doses these steroid hormones may produce the opposite outcome via inhibition of inflammatory cytokines.
While the aforementioned molecules are widely investigated in pathology, two cachexia-mediating factors studied almost exclusively in cancer biology in relation to cachexia are zinc-α2-glycoprotein ZAG, otherwise known as lipid mobilizing factor LMF, and proteolysis inducing factor PIF (1-3). Both factors possess selective activities capable of degrading adipose and skeletal muscle, respectively. Nowadays LMF/ ZAG and PIF are regarded as major candidates for the role of cancer cachexia promoters in humans. LMF/ZAG is produced by tumor as well as by normal tissues, such as liver and adipose tissue. Conversely, PIF production appears to be almost completely tumor-specific. It has been suggested that PIF is important during embryonic development and that in the adulthood only certain tumors may recover the ability to produce this molecule (16) . However, more recently this conclusion has been challenged (17) .
Finally, myostatin and other TGFβ family members, such as activin A, have captured the attention of the investigators involved in cachexia research. Actually, these probable cachectic factors are physiologic inducers of muscle hypotrophy and are referred to as TGFβ-like myokines (18) .
Of note, animals and humans that are genetically null for myostatin demonstrate dramatic muscle hypertrophy; conversely, experimentally forced myostatin overexpression results in a bias toward atrophy (19) .
In normal physiology, myostatin and activins are synthesized and secreted mainly by skeletal muscle cells and used by these cells in an autocrine loop. There is growing evidence that the activity of the myostatin/activin pathway is upregulated in most catabolic diseases, thus contributing to the development of muscle wasting. Elevated serum activin A has been reported in various malignant diseases in mice as well as in humans. Moreover, a further increase in this factor has been associated with disease progression. Conversely, less is known presently about myostatin levels and activity in neoplastic diseases. Importantly, these factors may be secreted by the cancer cell or by its microenvironment, but tumors can also induce over-expression of myokines of the TGFβ family in the skeletal muscle, creating an autocrine loop ( Fig. 1) . At present these relevant points remain ill-defined and deserve further investigation (2,18 and references therein).
Myostatin and the other TGFβ-like myokines bind to and activate a shared receptor-signaling apparatus, the activin receptor IIB ActRIIB. ActRIIB engagement gives rise to phosphorylation, assembly and nuclear translocation of transcription factors of the SMAD family, inducing an atrophy program. Moreover, signaling by TGFβ-like myokines is tightly regulated by post-traslational and extra-cellular mechanisms. Myostatin circulates in the blood as a latent form which is activated via proteolisis, in addition, specific inhibitors such as follistatin can prevent binding of myostatin to ActRIIB. The existence of multiple control points emphasizes the importance of a tight regulation of TGFβ-like myokines, in order to avoid muscle wasting and impaired muscle function (2, 18, 20) .
A comprehensive and in depth review of the mechanisms of cancer cachexia is beyond the scope of the present study, that focuses mostly on the atrophy of muscle and adipose tissues and on the high REE, this last issue being deeply interwoven with the altered metabolism in cancer. . Cellular and molecular mechanisms of cancer cachexia, a muscle-centric view. Cachexia is the direct result of tumor growth and/or secretory activity, but may be the secondary effect of tumor control on bystander and/or target tissues. (A) Tumor-derived IL6 is a major elicitor of acute phase response APR, in addition lactate overproduced in intra-tumor aerobic glycolysis fuels hepatic gluconeogenesis leading to glucose overproduction. Liver in some cancer enlarges due to metabolic recycling activity -mainly Cori Cycle -and synthesis of acute-phase protein, in addition a chronic APR can exacerbate muscle wasting by increasing the demands for certain amino acids to support increased hepatic export protein synthesis. Finally, impaired liver metabolism contributes to high REE. (B) The tumor stimulates the HPA axis via inflammatory cytokines and noniceptive stimuli (not shown) leading to increased secretion of glucocorticoids by adrenal gland. (C) The tumor produces factors that reshape the metabolism of the adipose tissue towards catabolism and tissue shrinkage mainly via increased lipolysis. In addition, through PTHrP secretion, the tumor induces in WAT the expression of the Prdm16 master gene leading to cell 'browning̓. Tumor-induced BAT dissipates energy via UCP1 contributing to high REE. (D) The tumor and bystander tissues produce a host of cachectic factors that reshape the metabolism of the muscle tissue towards catabolism and tissue shrinkage via increased proteolysis, decreased protein synthesis, increased apoptosis and decreased myogenesis/tissue regeneration. Besides IGF-1, the additional anabolic stimuli for muscle tissue are testosterone and physical exercise (not shown), all increasing the PI3K/Akt/mTOR axis and hence protein synthesis. Conversely the principal physiological catabolic control on muscle is produced by the TGFβ-like myokines signaling via ActRIIB. During pathologic wasting the muscle catabolism is further driven by TNF and PIF receptors signaling activating NF-κB and PKR. Conversely ActRIIB signaling is independent from NF-κB activation. Finally, the wasting process may be driven by STAT3 activation whose principal elicitor probably is IL6 (not shown). Atrophy-related genes, termed atrogenes, constitute a common set of genes whose expression is coordinately induced or suppressed in muscle during the wasting process. → leading to activation, -| leading to inhibition, see text for further details.
Atrophy of muscle tissue. Cancer patients with cachexia experience, nearly without exception, a progressive wearing down of skeletal muscle, which has suggested a muscle-centric view of this wasting syndrome (Fig. 1) . Indeed, low muscle mass in advanced cancer is an independent predictor of poor prognosis and mortality (21) . Skeletal muscle can undergo extensive remodeling that can cause some extent of physiologic and transient myofibrillar loss; indeed, normal homeostasis is a dynamic state resulting from a complex interplay of balancing forces (22) .
The principal pathways regulating muscle tissue homeostasis are the insulin-like growth factor-1 IGF-1 receptor signaling pathway, that fosters hypertrophy via activation of the PI3K/AKT/mTOR axis and ActRIIB, that induces atrophy mostly via SMADs. During the wasting processes in cancer and other pathologic states, the balance may shift dramatically towards atrophy, due to diminished activity of hypertrophic pathways and /or increased ActRIIB activity. Pro-inflammatory cytokine receptor signaling can also contribute to atrophy by activating the IKK/NF-κB and/or JAK/STAT3 pathways (see below), as well as PIF-receptor signaling, that leads to atrophy via the IKK/NF-κB axis (Fig. 1) .
Importantly, both decreased protein synthesis and increased proteolysis account for the net loss of myofibrillar proteins in the muscle cell. Three main proteolytic pathways, the autophagy/lysosome, Ca ++ -dependent calpains and the ubiquitin/proteasome-dependent proteolysis UPP, are responsible for protein catabolism (1) but in skeletal muscle, UPP is considered the most important in a range of catabolic conditions including severe sepsis and trauma, denervation atrophy, as well as cancer cachexia. Proteins intended for degradation by the proteasome are tagged by a covalently linked polyubiquitin chain in a multistep process involving the coordinated action of three enzymes: E1 (ubiquitin-activating enzyme), E2 (ubiquitinconjugating enzyme) and E3 (ubiquitin ligase). Indeed there are >30 different E2 and over 500 E3 enzymes, which work in concert to confer exquisite substrate specificity to the UPP (23) . Catalysis by specific E3 ligases is the rate-limiting step of the ubiquitination process, affecting the subsequent proteasomedependent degradation. Importantly, two E3 ligases, muscle RING finger-containing protein 1 (MuRF1) and muscle atrophy F-box protein (MAFBX, also known as Atrogin-1) are among the key factors induced via the atrophy pathways in order to cause structural muscle protein breakdown (1) (2) (3) . For this reason, the over-expression of MuRF1 and/or MAFBX is widely used as signature of the wasting process.
A decreased rate of protein synthesis can be achieved by downregulation of the IGF-1/Akt /mTOR axis. Akt suppresses protein breakdown while promoting muscle growth by prompting the activity of the anabolic kinase mTOR and by inhibiting FoxO transcription factors, whereas, activation of ActRIIB causes Akt inhibition and FoxO activation. Finally, a depression of protein synthesis under catabolic stimuli in muscle may be the result of mechanisms acting at post-trascriptional level. In this context, a prominent molecular switch is increased in phosphorylation and hence inactivation of eukaryotic initiation factor 2α EIF-2α, a molecule required to begin translation (24) . Both TNFα and PIF inhibit protein synthesis in muscle cells mostly through the phosphorylation of EIF2α (see below) (1).
In summary, the overall outcome of atrophy pathways is the marked increase of nuclear accumulation of FoxOs and/or NF-κB, leading, together with an increase in nuclear SMADs, to a rise of transcription of atrophy-related genes (atrogenes) (25) (Fig. 1) , but also to a general suppression of myogenic programs, an aspect that will not be discussed.
Atrophy of adipose tissue. Cachexia is also characterized by loss of body fat, which seems to arise from an increase in lipolysis, rather than a decrease in lipogenesis (1), even if this view may be an oversimplification (3) .
Loss of adipose tissue in cancer cachexia derives from massive hydrolysis of triglycerids and this increased lipid turnover results in increased plasma concentration of both glycerol and free fatty acids. As there is scarce evidence of cell death or necrosis, notion prevails that loss of fat mass is due to atrophy, rather than a reduction in adipocyte cell number. Finally, during cancer cachexia, white adipose tissue (WAT) undergoes a 'browning' process, in which it converts into cells resembling brown adipose tissue (BAT), also called beige cells (26) . Further details on this important issue will be discussed below.
High resting energy expenditure. Approximately 50% of cancer patients are hypermetabolic (REE >110% of predicted) (27) . REE is elevated in patients with both lung and pancreatic cancer, while there is no increase in REE in patients with gastric and colorectal cancer (1) .
The pathways leading to hypermetabolism in cancer cachexia are varied and complex, and have been related to i) the peculiar cancer metabolism which is fueled by futile substrate cycles that occur when two metabolic pathways run simultaneously in opposite directions resulting in energy dissipation in the form of heat (28) , ii) systemic inflammation and finally, iii) the presence of an elevated adrenergic drive (29) .
It is well established that the main energy source in cancer cells is glucose, which is converted into lactate rather than CO 2 (30) , moreover some cancer cells display addiction to glutamine (31) .
Cancer cells rewire cellular metabolism, partly because in the tumor microenvironment the oxygen may be insufficient to fuel the Krebs cycle, but mostly because aerobic glycolysis produces the anabolic drive that satisfy the high demands of fast growing cancer cells (30) .
Accordingly, the lactate produced by cancer cells is transported to the liver and converted back to glucose and recycled back to the tumor. This is the Cori cycle, the representative futile cycle, whose overall effect is energy dissipation in the form of heat; indeed, the Cori cycle may account for a loss of energy in cancer patients of 300 kcal/day (1, 32) . Additional substrates, originated by lipolysis in adipose tissue or by protein catabolism in muscle tissue, also contribute to increased liver gluconeogenesis in cancer patients, but their contribution to increased REE is regarded as less important.
Increased expression of mitochondrial uncoupling proteins-1, -2, -3 (UCPs) is considered as a further common factor inducing hypermetabolism in cancer cachexia. The UCPs are a family of mitochondrial membrane proteins that mediate proton leakage and decrease coupling of respiration to ADP phosphorylation, resulting in the generation of heat instead of ATP (33) . Therefore UCPs have been postulated to be major contributors in the control of energy metabolism. Of note, changes in expression of UCPs may be induced by tumor products or by cytokines that are produced during tumor progression. In support of this view, intravenous administration of LMF/ZAG to mice increases both UCP mRNA and protein levels in liver and skeletal muscle (34).
A lesson from the field of infectious disease research, the utility of a measurement of tumor burden in the study of cachexia
Actually a direct correlation between cachexia and tumor burden is the predicted outcome in cancer. The shrinkage of the tumor burden produced by surgery and/or anti-neoplastic therapies often leads to improvement in the cachectic state. Nonetheless, even within the same tumor type and burden, one individual may become cachectic whereas another will not. Such inter-individual variation may originate from the host genotype, as well as from other physiologic factors, such as diet, overall endocrine state or other less defined aspects of individual lifestyle. In addition and prominently, pharmacologic therapy may produce inter-individual variation in susceptibility to cancer cachexia.
In this frame in humans the genetic variation in the gene coding the MAP3K14 (NF-κB inducing kinase NIK) is associated with different mortality in septic shock (35) and recent findings suggest a similar pattern in cancer cachexia. In other words, cachexia-prone genotypes may occur in natural populations, along with other genotypes that are more refractory to cachexia (36) .
For example, in pancreatic cancer, 85% of patients become cachectic, but 15% do not. This is due to variation in tumor phenotype, but probably also to variation in host genotype (1) .
Single-nucleotide polymorphisms in the IL-1, IL-6 and IL-10 genes that are linked to increased production rates of these cytokines have been associated in humans with the prevalence of cachexia in gastric or pancreatic cancer patients (2).
In conclusion, the progression of cachexia in cancer patients is not a totally tumor-dependent feature, but it is at least partially determined by the host response to tumor growth and spreading.
In recent times, a new concept has emerged in the field of infectious disease research that could be usefully applied to cachexia research (37, 38) . Hosts that are good at reducing parasite burdens are not necessarily the healthiest. Stated in other words, hosts can sometimes be quite healthy despite high parasite burdens or conversely die with parasite loads which others survive. According to ecological immunology, the resistance to infection is defined as the potential of the host in restricting the pathogen load and this host feature is measured as the inverse of infection intensity (number of parasites/host or/unit host tissue). On the contrary, the ability of the host to endure the presence of the noxious agent, limiting the damage of a given parasite burden, is termed tolerance and it is operationally defined as the slope of a regression of host fitness or health state against infection intensity. The steeper the slope, the lower the tolerance Fig. 2A . Stated in other words, tolerance is the rate of change in fitness or health state as parasite load increases.
The study of tolerance to parasites has a long tradition in plant science. For example, it has been established that plants with different genotypes may decrease their seed production at different rates in response to increasing pathogen load. In more recent times, these concepts have also been applied to the field of animal infectious diseases. As one of many possible examples, mice deficient in the anti-inflammatory cytokine IL-10 exhibit much higher mortality rates than wild-type mice in the presence of similar loads of Plasmodium chabaudi (39) . Thus, in this case there was no difference in resistance, but IL-10 knockouts nonetheless suffered more from the infection.
Nowadays, the overall picture suggests that genes involved in tissue repair and scavenging of damaging molecules produced during infection, as well as factors regulating immune responses, are prime candidates for playing a pivotal role in host tolerance to infectious diseases.
Importantly, Medzhitov et al (40) claim that the concept of tolerance to infections is applicable to any disease associated with tissue damage, stress, malfunction or loss of homeostasis. Along these lines, the aim of the present article is to investigate the cancer disease in an ecological perspective, where the host response to the tumor growth and metastatic spreading is the wasting process known as cachexia.
We highlight the relevance of introducing the plot analysis of informative correlates of disease progression vs. the tumor burden, in the present study defined as the aggregate of the primary tumor mass and metastasis masses, for a better assessment of cachexia. In the legend of Fig. 2A and B two proposed informative correlates of disease progression -health state HS and cactectic index CC -are described in depth.
Introducing measurement of tumor burden may allow i) to assess inter-individual variation in cachexia, ii) to evaluate whether drug treatments reducing the overall tumor burden act independently on the host producing an amelioration of cachexia. In this case, improvement of cachectic state is not a mere side effect of decreased tumor burden and finally iii) to define which, among the host defense mechanisms and therapeutic effects, are involved in restriction of tumor burden and which limit damage to the host.
In conclusion, the liaison between tumor burden and cachexia is fairly complex and an investigation of this relationship is the aim of the present study.
Experimental oncology, rodent models
Several studies aiming at preventing or slowing down the development of cancer-induced cachexia have been published using murine models. To this end, cancer was induced and the development of cachexia was monitored comparing genetically engineered mice with their wild-type counterparts or mice with different endocrine backgrounds or mice receiving different drug treatments. In most cases, the experimental condition under investigation did not affect food intake ruling out the possible interference of anorexia in the wasting process Table I and II. Actually the resulting changes in the wasting process define two possible scenarios: i) improvement in the general health state parallels the decrease in overall tumor burden or ii) improvement in the general health state is basically independent of the overall tumor burden.
i) Inhibition of cachexia associated with a decrease in tumor burden.
It is well established that neoplastic progression and inflammation are deeply interwoven.
As a matter of fact, the current literature highlights a role for chronic inflammation in virtually all the steps of tumorigenesis, including tumor initiation, promotion and progression (41) . In addition the cancer-related wasting process is driven by inflammation as well. Significantly, nearly all the experimental systems, where an alleviation of cachexia with parallel decrease of the tumor burden was observed, have been produced by prompting in the host a reduction of inflammation (Table I) .
According to the literature the most rewarding pharmacological targets for reduction of cachexia are NF-κB, the ubiquitin-proteasome pathway UPP and the protein kinase dsRNA-dependent PKR.
Remarkably, NF-κB and the UPP are deeply interconnected through positive-feedback circuits, indeed the proteasome function is required for the activation and nucleus migration of NF-κB, conversely in the nucleus NF-κB binds and transactivates the promoters of proteasome subunit coding genes (42) . Moreover, a positive feedback loop exist also between NF-κB and inflammatory cytokines, such as TNFα, since signaling downstream of these cytokines induces NF-κB activation, while NF-κB modulates the expression cytokine-encoding genes (43) .
Targeting NF-κB. NF-κB is known to be constitutively activated in certain cancer cell lines, resulting in enhanced cell survival and proliferation, as well as in in vivo tumors, where it also supports angiogenesis and invasion (43) . At the host level, activation of NF-κB has been shown to cause muscle atrophy via accelerated protein breakdown, by increasing the expression of key components of the UPP (such as proteasome subunits and the MuRF1E3 ligase) (44) . Noticeably NF-κB activation in muscle results mainly involved in the 'pathological̓ pathways of degradation or remodeling of myofibrillar proteins as induced by TNFα or tumor-derived PIF. In fact NF-κB in muscle is activated by disuse (45) or sepsis (46) . Contrariwise, Ref. 
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The studies are classified according the most likely target of intervention aiming at reducing cachexia. Increased body and/or muscle mass is the critical threshold condition of milder cachexia in experimental groups vs. controls for inclusion in the Table. In the sake of brevity Table I covers only studies discussed in the test, other studies that substantiate milder cachexia matched to decreased tumor burden and that meet the criteria for inclusion in Table I 
The studies are classified according the most likely target of intervention aiming at reducing cachexia. Increased body and/or muscle mass is the critical threshold condition of milder cachexia in experimental groups vs. controls for inclusion in the the 'physiologic̓ pathway of muscle atrophy under signaling by TGFβ-like myokines is instead NF-κB-independent (2, 20) . Resveratrol, parthenolide and epigallocatechin-3-gallate are well known nutraceutical compounds that alleviate inflammation through inhibition of IKK, the upstream kinase that target IκB for destruction in the UPP, releasing active NF-κB. These three drugs have been investigated in an attempt to alleviate the cancer-induced wasting syndrome. In fact the drug treatment attenuated weight loss and produced a significant improvement in skeletal muscle by dampening NF-κB activity in this tissue while decreasing tumor growth. Moreover, the effect on tumor burden was anticipated since these phyto-pharmaceuticals target both cancer cell growth and tumor microenvironment through inhibition of NF-κB activity (47) (48) (49) .
Targeting UPP. The proteasome pathway nowadays is investigated as a promising molecular target for cancer therapy due to its pivotal role in NF-κB activation. Moreover, most cancer cells are highly proliferative and have an increased requirement for protein synthesis, which makes them highly exposed to UPP-driven quality control for protein synthesis and misfolding (50) .
Eicosapentaenoic Acid EPA directly affects the expression of proteasome subunits, rather than acting as a direct inhibitor of proteasome activity. This substance produces a significant delay in tumor growth while attenuating weight loss in mice bearing the cachexia-inducing MAC16 adenocarcinoma (51, 52) . The inhibition of tumor growth was expected since PUFAs of the ω-3 series have been shown to decrease growth in murine cancers (51) .
A major concern in the present study of cachexia is to rule out that the improvement of health state is the mere consequence of tumor debulking. With regard to this point, the introduction of tumor burden assessment may be highly informative. This is the case of EPA therapy since mice bearing a large tumor burden are still alive, while control mice succumb to a much lower tumor burden. This fact is much clearer by plotting body weight against tumor burden Fig. 2D , as also applied previously (53) .
The above plot analysis highlights that EPA treated mice are subjected to a lower decay rate of health state in comparison to control mice. This represents the more convincing evidence that the treatment elicits a response on the host distinct from the direct antitumor effect.
Targeting PKR. A further much investigated target for attenuating cancer cachexia is PKR (54) . This inducible sentinel kinase and stress sensor blocks global protein synthesis through eIF2α phosphorylation, leading to cell death in response to a variety of cellular stresses. However, PKR also activates NF-κB, promoting cell proliferation. Due to this dual function, the role of PKR activation in cancer remains controversial. Indeed, since clinical data show a correlation between suppressed or inactivated PKR and a poor prognosis for several cancers, PKR is considered to have a tumor suppressor function. Conversely, other evidence supports the view of PKR activity inhibition as a likely objective for cancer therapy. This latter point holds true for the wasting response in host tissues to the cancer aggression. Two pro-cachectic factors, PIF and angiotensin II, act inducing autophosphorylation and activation of PKR in muscle cells (55) .
Furthermore, activation of PKR also induces protein degradation in muscle through the induction of the expression and activity of UPP in an NF-κB-mediated process (55) . Finally, growth factors such as IGF-1, which attenuate protein degradation in muscle, also counteract the activation of PKR (56) .
In tumor-bearing mice a specific inhibitor of PKR effectively attenuates the depression of body weight, increases muscle mass and inhibits tumor growth (57) . In addition, the muscle is a likely direct target of the treatment since in this tissue the rescue of protein synthesis and normalization of the biochemical markers related to activity of PKR is observed. Interestingly, the improvement in health state is not the mere consequence of shrinkage of tumor mass since the former precedes the latter by several days, a further example of the importance of a measurement of tumor burden in the study of cachexia. As underlined above, the decreased tumor growth by PKR inhibition is somewhat unexpected since PKR has been suggested to act as a tumor suppressor gene. An explanation may be that the PKR inhibitor impairs NF-κB activity in the tumor microenvironment as it does in skeletal muscle. Another possible explanation is that the tumor requires amino acids released from skeletal muscle during proteolysis for growth (57) . This last scenario is an interesting inverse perspective since it is usually acknowledged that tumor debulking drives an improvement in health state not the reverse.
Another approach under investigation for inhibiting PKR in muscle tissues is the therapy with branched-chain amino acids BCAA, since these amino acids function not only as building blocks, but also as modulators of protein synthesis. In particular, in vivo leucine significantly attenuates in muscle the increased phosphorylation of PKR and eIF2α induced by tumor growth and this effect is associated to the increased expression of protein phoasphatase-1 PP1. Even in this case the improvement of cachexia is accompanied to a lower tumor burden (58) .
Targeting systemic and local inflammation by other means.
Celecoxib is a specific inhibitor of COX-2. This drug was clearly able to delay tumor growth in mice engrafted with C26, but was also very effective in controlling tumor-induced wasting even in animals carrying high tumor burden that proved lethal in control mice (59) . The inhibitory effect of celecoxib on tumor growth is expected since COX-2 is known to be over-expressed in tumors leading to aberrant angiogenesis and cancer cell proliferation (60) . On the other hand, the impact of celecoxib in reducing the wasting syndrome may be related to a decreased production by the tumor of cachectic factors, mainly pro-inflammatory cytokines.
Above the modulation of protein synthesis amino acids may tune other physiological processes and this is the case of glycine that acts on inflammation producing inhibitory effects on several white blood cells. Indeed, dietary glycine is protective in rat models of endotoxemia, liver ischemia reperfusion and liver transplantation through reduction of serum TNFα. The mechanism is the activation in inflammatory cells of glycine-gated chloride channels, thereby effectively reducing calcium influx in these cells (61) . In C26 engrafted mice, glycine administration protects skeletal muscle from cancer-induced wasting and loss of function, reduces the oxidative and inflammatory burden and reduces the expression of genes associated with muscle protein breakdown in cancer cachexia. Even in this case these effects are accompanied by an inhibition of tumor growth (62) .
ii) Inhibition of cachexia disentangled from the tumor burden.
In this section, we seek to discuss the studies in which the inhibition of cachexia is not accompanied to a decrease of tumor burden. In this circumstance the tumor burden remains fairly unchanged, actually in one case amazingly increases in spite of the amelioration in the wasting disease Table II. In the present study, the interference with cancer-induced wasting syndrome more frequently is the result of a local, rather than systemic change in physiology or the outcome of a pharmacological therapy targeting the tissues directly involved in cachexia. The main focal point is at variance with the muscle or the adipose tissue and it is interesting to note how the local improvement in physiology often produces a positive effect on the whole organism irrespectively of the tumor burden that remains unaffected.
Recent evidence suggest that the host genotype may affect the course of cachectic wasting, indeed this outcome may be experimentally produced by tissue-specific targeted transgenesis. Actually, this reductionist approach constitutes an informative case study for future investigations on the genetic variation affecting the vulnerability to cancer cachexia due to allelic polymorphisms present in natural population in both mice and humans.
Targeting muscle tissue. As a matter of common knowledge, the muscle is regarded as the principal target tissue of cachexia. In an attempt of changing the local response to wasting stimuli coming from the tumor growth, the NF-κB function was disrupted by introducing the expression of a dominant inhibitory IκB in skeletal muscle but not in the rest of the organism. By this means a clear improvement in the health state in tumor bearing transgenic mice was observed vs. controls in spite of the similar tumor burden (44) .
A second approach focused on muscle was to counteract the catabolic effect of myostatin and other myokines of the TGFβ family by administration of an ActRIIB soluble decoy receptor, since ActRIIB functions as the common receptor for both myostatin and activins. Remarkably, the treatment with the ActRIIB trap blocked cachexia in the C26 model of cancer cachexia without effecting tumor growth. In addition, the present study clearly shows that preserving muscle mass is of major importance in determining organism's survival (53, 63) . In truth, in relation to this latter point, to date the overall context is rather contentious. Vulnerability to cachexia ensuing from tumor engraftment in mice devoid of myostatin from the earliest stages of development increases as reported by Klimek et al (53) , but instead decreased in the study by Gallot et al (64) . Furthermore, in this latter study the improvement in cachexia due to lack in myostatin signaling correlates with a decrease in tumor burden (Table I) , whereas others (53, 63) reported that the amelioration of cancer cachexia obtained through the acute inhibition of ActRIIB signaling is not accompanied to a decrease of tumor burden (see below for further discussion).
A third approach focused on muscle is based on PGC-1α, a transcriptional coactivator induced by exercise that gives muscle adaptation to endurance-type exercise. Mice with skeletal muscle-specific transgenic expression of PGC-1α4, an alternative splice form highly expressed in exercised muscle, show increased muscle mass and strength in control mice and dramatic reduction of vulnerability to muscle atrophy in tumor-bearing mice. Even in this case, the tumors in both transgenic and control mice grow at the same rate (65) .
Mice with targeted ablation of the glucocorticoid receptor in muscle mGRKO were proven less vulnerable to muscle atrophy in response to tumor growth. Even in this case, tumors grew to equivalent sizes in mGRKO and control mice (66) . The classical effects of glucocorticoid signaling depend on GR-mediated transcription and hence de novo protein synthesis but emerging evidence suggests that glucocorticoids can also exert their actions through more rapid signaling mechanisms that do not require nuclear GR-mediated transcription. Therefore, the GR engaged with its ligands may affect the signaling state of key cytosolic transducers (67) . In the muscle environment, glucocorticoids appear to directly downregulate the PI3K/Akt pathway by several post-transcriptional mechanisms. In particular, increased expression of FoxOs by glucocorticoids activates the gene transcription program leading to muscle atrophy Fig. 1 (68) .
Targeting adipose tissue.
A further promising target of intervention in order to counteract cachexia is the fat tissue. Actually, the marked depletion of adipose mass in advanced cancer may arise from either a decrease in the synthesis of triglycerides or an increase of lipolysis even if the latter is widely regarded as the principal mechanism. Inhibition of lipolysis through genetic ablation of adipose triglyceride lipase Atgl, a gene predominantly expressed in adipose tissue, ameliorates certain features of cancer-associated cachexia. In fact tumor bearing Atgl deficient mice resist increased WAT lipolysis, but also myocyte apoptosis and proteasomal muscle degradation thereby maintaining normal adipose and muscle mass. Tumor weights tend to be lower in Atgl −/− mice than in control mice but these differences do not reach statistical significance (69) . The present study suggests that pharmacological inhibition of metabolic lipases may help prevent cachexia.
One key characteristic of cancer-induced cachexia is the higher REE level than in healthy animals. Brown fat dissipates chemical energy in the form of heat and hence, may be involved in the negative energy balance in cancer. How tumors induce thermogenesis in brown fat cells and how this may relate to the wasting of fat and skeletal muscle has emerged in recent years. In normal physiology white fat depots contain nests of uncoupling protein 1 (UCP1)-expressing multilocular cells, called beige cells. These cells can be induced or further stimulated on exposure to cold or other stimuli via a process termed browning and the transcriptional coregulator PRDM16 is the master regulator in the browning process (70) (Fig. 1) .
Fat-specific Prdm16-deficient mice, which have a dramatically reduced thermogenic potential and are resistant to induction of browning, are less vulnerable than control mice to adipose tissue loss if challenged with tumor growth. This better outcome is accompanied to a reduced loss of muscle mass and occurs without a change in tumor size in comparison to control mice (70) . Further investigation in this experimental model has shown that tumor-derived parathyroid hormone-related protein (PTHrP) (Fig. 1) has an important role in wasting, through driving the expression of genes involved in the browning of the adipose tissues. Neutralization of PTHrP in tumor-bearing mice blocks adipose tissue browning and the loss of muscle mass and strength, even in this case without a reduction of tumor burden (70) . Thus, neutralization of PTHrP may hold promise for ameliorating cancer cachexia and improving patient survival.
In conclusion, these studies highlight the fact that physiologically important crosstalk between adipose tissues and skeletal muscles does exist in the context of cancer cachexia. Therefore a therapeutic endeavor on skeletal muscle is expected to produce a better outcome on adipose tissues and also the reverse is supposed to hold true.
Targeting different endocrinology between experimental groups. A significant gender dimorphism has been observed in muscle mass loss and survival among cancer patients. In fact, multiple studies have found that male cancer patients lose more body weight and muscle mass than females and have a shorter overall survival rate (71, 72) . It is likely that gender hormones are mediating these differences because postmenopausal females lose their survival advantage and estrogen therapy decreases colon cancer mortality (73) .
In this frame, male tumor-bearing mice display a more severe phenotype than female, including greater body mass loss and mortality and a more robust pro-inflammatory response. The decreased vulnerability to cancer cachexia in females is due to estrogen signaling as assessed by in vivo treatment with a specific estrogen receptor antagonist. Moreover, this gender dimorphism cannot be attributed to differences in tumor growth (74) .
Remarkably, a major contribution to differences in cachexia between genders is due to cardiac atrophy and impaired function. Cardiac atrophy is mainly due to the autophagy/lysosome pathway, a mechanism by which cells degrade large quantities of intracellular protein during periods of cellular stress. Of note the autophagy/lysosome pathway has been shown to play a greater role in the heart than in skeletal muscle (74, 75) .
Targeting systemic or local inflammation. In the previous section several studies has been discussed where the restraint of systemic inflammation produces an improvement of cachexia while decreasing tumor burden via somewhat related mechanisms. In the present study, evidence are shown that dampening of inflammation in the whole animal or in the tumor microenvironment may even produce an improvement of cachexia not paralleled by lessening of tumor burden.
Indeed this is the case of intratumoral injection of IL-1 receptor antagonist IL1RA that reversed weight loss in C26-bearing mice without affecting the rate of tumor growth. Moreover, this treatment improved lean and fat tissues, as well as hypoglycemia and serum IL-6 level. These results suggest that, at least in the C26 model, tumor produced IL-1 acts on the local induction of cachectic factors rather than by implementing tumor growth (76) .
A second intriguing report concerns TLR4. This the well-known pattern recognition receptor (PRR) binds to lipopolysaccharide LPS from gram-negative bacteria and to other pathogen associated molecular patterns (PAMP), in addition TLR4 signals the over-presence of numerous endogenous damage associated molecular patterns (DAMP) (77) .
An inbred mouse strain homozygous for a non-functional TLR4 is protected from cancer-induced wasting in spite of an increased tumor growth in comparison to wild-type control mice (78, 79) .
Therefore, in absence of TLR4-driven signaling the growth of cancer is subjected to lesser restrictions, but the host is less vulnerable to cachexia. This surprising and counterintuitive evidence awaits further investigation.
As a further attempt at counteracting cancer cachexia, low dose panteamine A prevented the tumor-induced loss of skeletal muscle in mice without affecting tumor growth (80) . Panteamine A at relatively high concentration inhibits general translation, inhibits cancer cell proliferation and is toxic (81) . Conversely at low doses this drug counteracts tumor-induced cachexia by blocking in the muscle the expression of the pro-cachetic factor iNOS, while rescuing the expression of pro-myogenic factors myoD and myogenin. In fact, pro-inflammatory cytokines over-produced in cancer stimulates muscle cells in an NF-κB-dependent manner, and the expression of iNOS in turn promotes muscle wasting (82, 83) . The differential effect on pro-cachectic and pro-myogenic factors is due to the fact that low-dose panteamine A, by selectively acting on iNOS mRNA, promotes its recruitment to stress granules SGs (84) , where this transcript remains in a translationally repressed state. Conversely, in response to panteamine A, the MyoD and Myogenin mRNAs are not recruited to SGs, but rather associate with heavy polysomes, which leads to the rescue of their expression.
Finally, sunitinib has been recently employed to prevent cachexia in nude mice bearing an orthotopic xenograft of human renal carcinoma (85) . Sunitinib is a tyrosine kinase inhibitor mainly targeting VEGF signal transduction and hence tumor angiogenesis. This drug has shown therapeutic efficacy in renal cell carcinoma in humans, but in this case the increased overall survival rate is not fully explained by the antitumor activity of the drug. Indeed in humans sunitinib frequently induces disease stabilization rather than regression (85) . In the murine model this kinase inhibitor dramatically decreases the host vulnerability to tumor growth and in addition low-dose sunitinib counteracts cachexia without exerting antitumor effects. As claimed (85) , in tumor-bearing animals sunitinib acts on skeletal muscle as a consequence of the inhibition of STAT3 activation and of MuRF1 over-expression. JAK/STAT3 pathway likely plays a relevant role in muscle wasting even though in this case the mechanisms of atrophy induction are still ill-defined (86).
Cancer in humans: biased, hypothesis driven and unbiased approaches to the study of cachexia
Whereas in experimental oncology the analysis of cancer cachexia and its progression in relation to host genotype or pharmacological treatment has been coupled with the measurement of tumor burden, in clinical oncology a similar analytical approach has not been ventured yet.
Possibly this delay is due both to the difficulty of acquiring informative measurements for cachexia and tumor burden in humans and to the actual lack of interest in clinics.
On the other hand, the experience in the research field of infectious diseases calls attention to the potential interest for investigations in basic oncology of plotting, even in humans, quantitative correlates of cachexia against the tumor burden.
An in depth discussion in clinical oncology of the pitfalls in the quantitative evaluation of cancer-induced wasting syndrome and of in vivo imaging for measurement of tumor burden is beyond the scope of this exploratory report. We shall single out here only that an overall continuous, numerical measurement of cachexia is likely misleading since this syndrome results from a complex array of symptoms. Moreover, cancer cachexia is a continuum with three stages of clinical relevance: pre-cachexia, cachexia and refractory cachexia (5) . The aim of a consensus clinical definition of cachexia is approaching a classification procedure for this condition, akin in some respects to the TNM staging system used in clinical oncology. On the other hand, in order to solve this issue, the separate anatomical, functional or biomolecular correlates of the wasting syndrome may be plotted one by one vs. the tumor burden.
On the understanding that the main conclusion of plotting cachexia against tumor burden should be a better evaluation of the inter-individual variability in the vulnerability to cachexia, our interest is to summarize briefly two potential procedures to this analysis.
In the biased, hypothesis driven approach, patients homogeneous for cancer diagnosis and therapy protocol are recruited on the basis of a previously established rational and placed in two groups according to distinct biological or clinical features. The hypothesis of the study is that the two groups perform differently in the cachexia vs. tumor burden plot. That is, the patients enrolled in the study may be grouped on the basis of a known genotype, a different pharmacological treatment, diet, other habits or physiological features. Examples of use of cachexia/tumor burden plot are the comparison of male vs. female patients or lean vs. overweight patients. In relation to the latter example, it is interesting to remark that overweight/obesity is a risk factor in developing cancer disease but constitutes a better prognosis factor in advanced disease. Indeed this is known as the obesity paradox (87) .
In the unbiased approach the patients recruited in the study are analyzed in the cachexia/tumor burden plot on the basis of a shared cancer diagnosis and therapy protocol, but irrespectively of any hypothesis on cachexia. This approach would be a discovery tool to identify a minor subset of patients differently placed in the cachexia/tumor burden plot. Moreover, in order to add significance to the present study, this evaluation should be carried out prospectively for the ensuing time-points (Fig. 2C) . The final goal of this type of study is to unravel in functional and molecular terms, for example by means of genome-wide approaches, the key differences between the divergent groups of patients in the cachexia/tumor burden plot that may possibly arise from the unbiased approach.
Discussion
The present study investigates cancer cachexia mostly within experimental oncology on murine models. Conversely the significance and feasibility of introducing a measurement of tumor burden for a better assessment of cachexia in clinical oncology is just preliminarily outlined.
As shown in the murine model, a significant recovery from cancer cachexia due to variation in host biology may match with decreased, unchanged or even increased tumor burden (Table I and II) . A major point of discussion is to unravel this heterogeneity. On this subject it is tempting to speculate that when the change in host physiology associated to milder cachexia is confined to a tissue, direct target of the wasting process, the tumor growth proceeds unrestricted. On the other hand, the result on tumor growth of a systemic change in host physiology leading to milder cachexia is likely more variable and hence controversial. Here usually the improvement in cachexia is accompanied to a decrease in tumor burden, but it is not always the case. Indeed inflammation sometimes may produce a dual effect on the cancer cell and its microenvironment, on one side, and on host physiology, on the other side. For example, inflammation could restrict tumor growth while promoting the wasting process in the host 'periphery̓. This intriguing scenario may be suggested by the outcome of tumor challenge in mice devoid of TLR4 expression (78, 79) .
Distinct subclones of the same tumorigenic cell lines may produce in vivo striking different outcome in host cachexia (19, (88) (89) (90) . For example, Pten +/-Eμ-Myc lymphoma, in contrast to parental Eμ-Myc lymphoma, produces the cardinal features of cachexia (89) . Of note, even in this case, cachexia and tumor burden result disentangled since better outcome and survival is accompanied to increased growth of neoplasia (89) . These interesting studies are not further discussed here since the subject of the present article is the variation in cachexia due to host biology rather than to tissue-intrinsic features of the cancer cell and/or of the tumor microenvironment.
Within the experimental study of cachexia in mice, until now the most popular approach has been a reductionistic model of malignancy based on the engraftment of highly cachectic cell lines such as LLC, C26, B16 and MAC16. In spite of the interesting published results, this field of investigation is in its infancy even because the more informative experimental models today available, transgenic mice strains developing tissue-specific spontaneous neoplasia or the orthotopic engraftment of tumorigenic cell lines, are been employed rarely in these studies. An exception is the well established APC Min/+ mouse developing intestinal polyposis (64, 91, 92) . In most cases, the assessment of tumor burden has been performed only in the site of engraftment of the pro-cachectic cell line measuring by a caliper the dimensions of the tumor explant. Accordingly, there is plenty of room for improvement through employment of highly informative imaging techniques today available for the analysis of malignancy in mice (93) .
Several issues broadly related to the relationship between cachexia and tumor burden remain incompletely understood needing further investigation. i) when the drug treatment results in a tumor burden debulking matched with milder cachexia, the question is how to ascertain that the latter is not the mere aftermath of the former. As shown in the present study, in many cases a careful time-course measurement of tumor burden would contribute to the solution of this conundrum. A further procedure is inducing the wasting process in a way that mimics the cachectic diseased state in cancer in a tumor-free environment, for example by injection of pro-inflammatory cytokines in the bloodstream (80) .
ii) another relevant issue is a careful evaluation of the effect of drug treatment on the in vivo tumor vs. the in vitro cancer cells. Indeed a decreased tumor mass after treatment does not imply a direct cytotoxic or cytostatic effect on the cancer cells, contrariwise an in vitro cytotoxic effect on the cancer cells does not result, without exception, in in vivo decreased tumor mass. An example is the amino acid glycine that increases in vitro cancer cell proliferation (94) while in vivo impairs tumor growth through inhibition of angiogenesis (62, 95) .
iii) several molecules produced within the tumor mass or by the cancer cell itself enforce cachectic wasting at variance by acting on skeletal muscle-myostatin, activins, PIF, or on adipose tissue, LMP/ZAG and PTHrP (Fig. 1) . It is worth to note that, whereas the impact of these factors on the target tissues of the wasting process is adequately understood, the in vivo or in vitro effect on cancer cell and the tumor environment, in some cases, is almost entirely unknown. On this point, cancer cells may express the receptors for TGFβ-like myokines and myostatin results in a pro-apoptotic effect when assayed in vitro on cancer cell lines (96) , in addition myostatin inhibits tumor growth even in vivo (19, 96) . Actually the restraint of neoplasia growth by a factor produced by the cancer cell itself is a somewhat unanticipated outcome. Moreover, the genetic or epigenetic alterations underlying expression of the pro-cachectic factor by cancer cells are unknown and even more so it is unknown whether these genomic changes may be regarded as driver or passenger mutations (97) . The seemingly disagreeing results reported (64) in comparison to others (53, 63) may be evaluated according the intricacies of the overall pathophysiology of TGFβ-like myokines.
In conclusion, the present study highlights the usefulness of introducing a measurement of tumor burden for a straightforward characterization of the cancer wasting process known as cachexia. In particular, the discussed approach may be a tool of discovery, even in humans, of new genetic polymorphisms affecting the host vulnerability to tumor growth and ensuing cachexia.
